Magneto-optical Kerr effects have been investigated for perovskite-type hole-doped oxides La 1Ϫx Sr x MnO 3 (0рxр0.3) and La 1Ϫx Sr x CoO 3 (0рxр0.3) in the photon energy range between 0.9 and 5.3 eV at room temperature. In La 1Ϫx Sr x MnO 3 , charge-transfer-type Kerr spectra are observed for the lowest (ϳ1.2 eV) and the second-lowest (ϳ3.5 eV) optical transitions that are likely to arise from electron excitations from the O 2 p to the majority-spin e g band and to the minority-spin t 2g band, respectively. In La 1Ϫx Sr x CoO 3 , a crystal-field-transition-type Kerr spectrum is observed that is assigned to the electron excitation from the bonding t 2g state to the antibonding e g state allowed by the strong hybridization effect between Co 3d and O 2p states. Different characters in the Hund's-rule coupling and covalency seem to cause such a difference in magneto-optical properties between ferromagnetic Mn and Co oxides.
I. INTRODUCTION
Close interplay between doped holes and local spins in 3d transition-metal oxides is of current interest, since the remarkable magnetotransport and magnetostructual properties have recently been discovered in perovskite-type hole-doped manganese and cobalt oxides. [1] [2] [3] [4] [5] [6] [7] [8] In particular, colossal magnetoresistance ͑CMR͒ and related striking magnetotransport phenomena have been observed for the manganese oxides with variation of rare-earth or alkaline-earth elements on the perovskite A site. 6, 7, [9] [10] [11] [12] [13] [14] [15] These properties are due partly to strong Hund's-rule coupling between the doping-induced carriers and the localized spins, which gives rise to the ferromagnetic-metallic states in terms of the doubleexchange mechanism. [16] [17] [18] The parent compound LaMnO 3 is a charge-transfer-type ͑CT͒ insulator 19, 20 in the Zaanen-Sawatzky-Allen scheme, 21 in which the lowest-lying gap transition corresponds to the CT excitation from the O 2 p to the Mn 3d state. The Mn 3ϩ ion has nominally 3d 4 electrons with high-spin configuration (t 2g 3 e g 1 ). The t 2g electrons hybridize less with O 2p states and hence may be viewed as local spins (Sϭ 3 2 ). The e g electron, on the other hand, strongly hybridizes with O 2 p and organizes either an itinerant or localized state depending on the e g band filling (nϭ1Ϫx), temperature, and magnetic field. An increase of hole doping (x), or, equivalently, a decrease of the e g band filling (n), gives rise to the phase change from an antiferromagnetic insulator to a ferromagnetic metal. 22 The strong interaction J H ͑Hund's-rule coupling͒ between an itinerant e g electron and t 2g local spin rules the electronic properties and dynamics of the e g carriers critically depends on the magnetic state of this compound. Kubo and Ohata 23 derived the temperature-and magnetic-field dependence of the resistivity using the Kondo lattice (s-d) model with ferromagnetic coupling (J H Ͼ0). Furukawa 24, 25 also calculated the magnetization dependence of the resistivity as well as the optical conductivity spectrum using the Kubo formula in the limit of the classical spin (S ϭϱ) and the infinite dimension (Dϭϱ), and presented a mean-field interpretation for the large negative magnetoresistance in hole-doped manganese. Optical conductivity studies 25, 26 revealed that the interband transitions between the exchange-split e g bands exhibit nearly complete weight transfer to the intraband ones within the spin-polarized conduction band.
The oxide compounds with such a double exchange interaction are not restricted to the Mn oxides. The ferromagnetic state of the hole-doped Co oxides with perovskite structure, e.g., La 1Ϫx Sr x CoO 3 , has also been assigned as mediated by the double exchange interaction, although there is some complication related to the problem of the spin-state transition. 8, [27] [28] [29] [30] [31] [32] [33] The parent compound LaCoO 3 is also a charge-transfer-type insulator, 21 the charge gap of which is fairly small (ϳ0.2 eV) ͑Ref. 19͒ compared with LaMnO 3 . The electron configuration of Co 3ϩ ion in LaCoO 3 is nominally 3d 6 . The crystal-field splitting (10Dq) between the t 2g and e g states and the Hund's-rule coupling energy is comparable, which seems to be a major origin of the thermally induced spin-state transition from the low-spin (Sϭ0:t 33 with the strong hybridization between 3d and O 2 p states. The ferromagnetic ground state with metallic conduction is realized with further doping of x (у 0.18), [40] [41] [42] showing the maximal Curie temperature (T C ϭ220 K) around xϭ0.3.
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The carriers in La 1Ϫx Sr x CoO 3 may be more itinerant, due to the increased hybridization between the Co 3d and O 2 p states, than in the Mn-oxide analogs, yet the strong coupling between the carriers and t 2g spins is persistent, producing the ferromagnetic-metal state via the double exchange interaction.
In this paper, we investigate filling dependence of electronic structures in La 1Ϫx Sr x MnO 3 and La 1Ϫx Sr x CoO 3 as representatives of the double-exchange-based ferromagnetic metals by magneto-optical Kerr spectroscopy. In our experiment, a magnetic field of 2200 Oe can almost saturate the magnetization for La 1Ϫx Sr x MnO 3 , but not for La 1Ϫx Sr x CoO 3 at room temperature 8, 22 and hence the obtained results for La 1Ϫx Sr x CoO 3 do not give correct amplitudes, but the shape of the curve. However, those results are useful for obtaining information about the spin-dependent electronic structure of solids, and hence suitable for the qualitative purpose of the present magneto-optical spectroscopy. The present paper is organized as follows. Section II reviews very briefly the magneto-optics and provides information needed for discussion in the following sections. In Sec. III, we describe the crystal growth technique with the use of a floating-zone furnace as well as the sample characterization, and also the detail of the optical measurements including normal reflectivity and magneto-optical Kerr measurements. Obtained results for the La 1Ϫx Sr x MnO 3 compound are presented in Sec. IV A. Derived dielectric tensor elements and an interpretation for magneto-optical transitions are also discussed in this section. In Secs. IV C and IV D, we present results and discussions for the La 1Ϫx Sr x CoO 3 compound as well as an assignment for the observed optical transition. Section V summarizes the results and conclusions of this study are given.
II. MAGNETO-OPTICAL KERR EFFECTS AND THE DIELECTRIC TENSOR
Magneto-optical Kerr spectroscopy is useful to probe the electronic structure of ferromagnets and is less sensitive to surface effects than electron emission and tunneling experiments due to deeper penetration of light. Magneto-optical Kerr effects are proportional to the product of spin-orbit coupling strength (⌬ LS ) and net electron spin polarization. This makes the magneto-optical effects sensitive to the magnetic electrons, d states in the transition-metal ions, and d and f states in the rare-earth ions. The dependence of the magnetooptical effect on ⌬ LS is characteristic of the species of electron states, distinguishing, for example, d states from s-p states even if they exhibit the same spin polarization. This type of spectroscopy provides not only the information about the joint density of states ͑similarly to normal optical measurements͒ but also about the electron spin polarization of states participating in the magneto-optical transitions.
The origin of Kerr rotation and ellipticity is due to differences in microscopic response to right ͑RCP͒ and left ͑LCP͒ circularly polarized lights. 43 If we select the positive z direction parallel to the magnetic field, these Kerr effects are linear to M z ͑known as the polar Kerr effects͒ where the M z is the element of sample magnetization parallel to the z direction. At normal incidence, Kerr effects due to the elements of magnetization parpendicular to the z direction are orders of magnitude smaller than the polar Kerr effects and hence we assume here that M is parallel to the z direction. Then, the dielectric tensor can be described as 
where every element has a real and an imaginary part,
͑2͒
The diagonal elements describe normal optical properties while the off-diagonal elements are related to magnetooptical properties. Diagonalization of gives the normal mode propagation with kʈẑ , which consist of RCP (ϩ) and LCP (Ϫ) components. The diagonal element xx is related to the normal complex refractive index n and k as
xx Љ ϭ2nk.
͑4͒
The off-diagonal element is related to the complex refractive indices n Ϯ and k Ϯ of RCP (ϩ) and LCP (Ϫ) as
͑5͒
Thus the following relations hold:
͑7͒
The Kerr rotation K equals half the difference between the phase shifts of reflected RCP and LCP light and can be represented as
where r Ϯ ϭr Ϯ e i Ϯ are the complex reflection coefficients. The Kerr ellipticity equals the ratio of minimum to maximum differential amplitude of the reflected light such that
͑9͒
The Kerr ellipticity spectrum involves the information about the difference in absorption between RCP and LCP. xy can be expressed using K and K as
III. EXPERIMENT
Crystals of La 1Ϫx Sr x MnO 3 (0рxр0.3) and La 1Ϫx Sr x CoO 3 (0рxр0.3) were grown by the floatingzone method. Details of growth for La 1Ϫx Sr x MnO 3 crystals by the floating-zone method as well as their characterization were described elsewhere. 22 For La 1Ϫx Sr x CoO 3 , the starting materials were La 2 O 3 , SrCO 3 , and CoO. The raw materials were weighed to a prescribed ratio, mixed, and ground in a ball mill. The mixtures were heated in air at 1050°C for 12 h. Then, the prereacted mixtures were reground and pressed into a cylindrical form of feed rods (5 mm ϫ60 mm). The crystals were grown with the use of a floating zone furnace equipped with two halogen incandescent lamps and double hemielliptic focusing mirror. The feed and seed rods were rotated in opposite directions at a relative speed of 40 rpm and the melted zone was vertically scanned at a speed of 1.5 mm/h in 5 atm oxygen atmosphere.
The crystal structures at room temperature were examined by x-ray powder diffraction with Cu K␣ radiation to confirm that all the samples were single phase. La 1Ϫx Sr x MnO 3 exhibits distorted perovskite with orthorhombic ( Pbnm:x ϭ0, 0.1) or rhombohedral (R3 c:xϭ0.2, 0.3) structure. 22 La 1Ϫx Sr x CoO 3 were rhombohedral (R3 c:xϭ0, 0.12) or cubic (O h :xϭ0.3) structure. The analyses of composition were carried out using an electron probe microanalyzer ͑EPMA͒, indicating the nearly identical composition with the prescribed one.
Normal reflectivity measurements at room temperature were done for the photon energy region between 0.02 eV and 35 eV on specularly polished surfaces of the crystals using Fourier spectroscopy (0.02Ϫ0.8 eV) and grating spectroscopy (0.6Ϫ35 eV). The reflectivity data above 6 eV, which were necessary to execute the accurate Kramers-Kronig ͑K-K͒ transformation, were obtained with use of synchrotron radiation at INS-SOR, Institute for Solid State Physics, University of Tokyo. Magneto-optical Kerr spectra at room temperature were measured using a polarization modulation technique in polar Kerr configuration employing a photoelastic modulator (CaF 2 ). The apparatus for the Kerr spectroscopy was similar to that described by Sato et al. in Ref. 44 . When light propagate through the modulator in which an electric field ( f Hz) is applied, an optical retardation that is proportional to f is introduced by one-dimensional anisotropy of CaF 2 crystal. The modulated light consists of two f components ͑RCP and LCP͒ and a 2f component ͑linearly polarized light͒. The Kerr ellipticity K that corresponds to the difference in absorption between RCP and LCP is, therefore, measured with the f component of reflected light while the Kerr rotation K is simultaneously measured with the 2 f component. A Xenon arc lamp was used as light source and Glan-Foucault prisms made of calcite as polarizers. A photomultiplier with permalloy shield, a Si diode, and an InGaAs diode were used as detectors to cover the energy range at 0.9Ϫ5.3 eV. A disk-shaped ͑5 mm and 2 mm in thickness͒ sample was mounted on and magnetized by a permanent magnet ͑Nd-Fe-B; Hϭ2200 Oe). Kerr rotation and ellipticity were measured as a difference between the configurations of ϩz and Ϫz, i.e., K ϭ
IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Growth of Kerr spectra induced by the insulator-metal transition in La 1؊x Sr x MnO 3
Before going on to a discussion on magneto-optical properties, we show in Fig. 1 the doping dependence of optical conductivity spectra () for La 1Ϫx Sr x MnO 3 (0рxр0.3) at room temperature. Small and sharp peaks below 0.1 eV correspond to optical phonon modes. The overall feature of the xϭ0 spectrum is nearly identical to that obtained by a previous study. 19, 20 The optical gap can be observed as an onset of the spectral intensity around 1 eV. It has been interpreted 19, 20 that the lowest (ϳ1.5 eV) and the secondlowest (ϳ4.8 eV) transitions are both due to the chargetransfer-type ͑CT͒ excitations in the Zaanen-Sawatzky-Allen picture. 21 With hole doping, the optical conductivity spectra shift to the lower-energy region and the optical gap is eventually closed. The overall spectral feature is shifted to lower energy perhaps due to the energy shift of the occupied O 2p band by a change in the Madelung-type potential. It has been pointed out 26 that the lower-lying (Ͻ2 eV) excitation in metallic state (xϭ0.175) consists of the temperatureindependent part of gaplike excitation and the temperaturedependent part in which the spectral intensity is transferred to lower energy with decrease of temperature. The Hund'srule coupling energy J H in La 1Ϫx Sr x MnO 3 is perhaps large enough (ϳ2 eV) ͑Ref. 26͒ to exceed the e g bandwidth W, and hence the temperature-dependent part of the optical conductivity is due to the interband transitions between J H -split e g bands.
We show in Fig. 2 the filling dependence of magnetooptical Kerr rotation K and ellipticity K with application of the magnetic field of Hϭ2200 Oe at 300 K. So far, the thin film of related compound La 1Ϫx Ca x MnO 3 ͑e.g., xϭ0.5) had been investigated by means of the magneto-optical Faraday effect, where the Faraday-rotation spectra showed a broad increase of intensity below T C at the photon energies corrensponding to the normal absorption peaks at around 1.2 eV and 3.1 eV, 45 which were, respectively, assigned to Mn d →d transition and 2 p(O)→3d(Mn) transitions. Here, we report the first detailed measurement of magneto-optical properties, not only Kerr rotation but also ellipticity, using bulk crystals covering over a wider energy region (0.9Ϫ5.3 eV) than in a previous Faraday-rotation study (1.5Ϫ3.0 eV), 45 and propose different or revised assignments of the magneto-optical transitions. At a glance, one may notice in Fig. 2 that the magneto-optical effect is pronounced for the ferromagnetic-metallic compositions (x ϭ0.2 and 0.3͒. The spectra of K and K have been obtained independently, yet they seem to satisfy the K-K relation: the K shows a positive or negative peak when the K passes through zero. The prominent increase of K is observed at around 1.0 eV and 3.2 eV in the ferromagnetic-metallic state (xу0.2), while for K near 1.3 eV and 4.6 eV. The K reaches ϳϪ0.01°at around 1.0 eV. In comparison with Fig.  1 , we have found magneto-optical signals at the photon energies corresponding to the two transitions observed in the optical conductivity spectra.
To investigate the microscopic origin of the magnetooptical effect, we derived the off-diagonal elements of the dielectric tensor using Eqs. ͑10͒ and ͑11͒. We show in Fig.  3͑a͒ Љ has a dissipationtype one. The spectral shapes of the type I and II are often referred to as the diamagnetic and paramagnetic transitions, respectively, for historical reasons. 47, 51 The magneto-optical transitions at around 1.2 and 3.5 eV are thus sorted into the type I. This transition is described in the limit of ⌬ LS Ӷ⌫ near ϳ 0 as
where ⌫ is the half-width at half-height of the absorption, N the number of Mn 3ϩ ions per unit volume, and f 0 the oscillator strength of the transition. ⌬ LS is the spin-orbit splitting defined as
where is the spin-orbit coupling constant. 20 we can interpret the transitions observed below 5 eV in terms of the charge-transfer-type excitations.
The origin of the type-I transition should be explained by the spin-orbit splitting in the final state of the transition. Since the orbital angular momentum of 3d transition-metal ions is zero due to the crystal-field splitting, 52 we consider spin-and electric-dipole-allowed transitions from the orbitalsinglet ground state (Lϭ0) to the excited states (LϭϮ1) split by the combined effect of exchange field and spin-orbit coupling ⌬ LS as schematically depicted in Fig. 4͑a͒ . To the best of our knowledge, there has been no detailed investigation attempted to the magneto-optical properties for octahedrally coordinated Mn 3ϩ system. It is useful to review here the case of the ferric compound reported in previous studies as a reference. According to the studies 47 . The opposite sign of splitting is due to the symmetry difference between p and p . A hole in p can have orbital moment by intra-atomic hopping between two p orbitals while a hole in p can have one only when it hops between two p orbitals on the adjacent atoms and hence it is proportional to the overlap of two p orbitals. This gives rise to comparable strength in magneto-optical spectra for both p →e g and p →e g , although the p →e g exhibits weak transition intensity in the normal optical absorption. The present magneto-optical spectra in Fig. 3 show the type-I transitions at the corresponding photon energies ͑1.2 eV and 3.5 eV͒ of normal optical absorption. Taking into account the fact that the p →e g transition is almost invisible in the normal optical spectra, we can assign neither the transition at 1.2 eV nor that at 3.5 eV to the p →e g transition.
The origin of magneto-optical transitions observed in Fig.  3 may correspond to one of the final states with ͑1͒ p hole ( p →e g ), and ͑2͒ t 2g electron ( p→t 2g ). Here, the sign of the dispersion-type spectra in xy Љ gives us information about the sign of the spin-orbit spitting of the excited states by taking into account Eq. ͑12͒. This means that the energy separation of the Lϭϩ1 state from the LϭϪ1 state has the same sign for the both transitions. Due to the strong Hund'srule coupling, the final state for the transition ͑2͒ must have the minority-spin electron excited to the t 2g band. On the other hand, the transition ͑1͒ can have the two cases depending on the O 2 p hole with majority and minority spin ͑or, equivalently, majority-and minority-spin electrons excited to the e g band͒, which should show the energy splitting by the order of J H . Since the majority-and minority-spin 2 p holes have opposite ⌬ LS for each other, we cannot assign the observed transitions at 1.2 and 3.5 eV simultaneously to the two ͑1͒ transitions. Thus, we can interpret the observed two transitions; one to the transition ͑1͒ and the other to the transition ͑2͒. Namely, we have assigned the final states for the transitions at 1.2 eV and 3.5 eV to the ͑1͒ majority-spin hole in O 2 p, and ͑2͒ minority-spin electron in t 2g , respectively, such as
In Fig. 4͑b͒ , we show the summary of energy scheme for the ferromagnetic-metallic state in La 1Ϫx Sr x MnO 3 .
C. Doping-dependent change in Kerr spectra for La 1؊x Sr x CoO 3 We show in Fig. 5 the doping dependence of optical conductivity spectra for La 1Ϫx Sr x CoO 3 (0рxр0.3) at room temperature. The xϭ0 spectrum shows a small-gap feature (ϳ0.2 eV,) that is nearly identical to that derived by previous study 19, 20 and had been interpreted as the CT transition such as t 2g 6 →t 2g 6 e g 1 L គ . The decrease of the CT gap compared with LaMnO 3 is reasonable since the 3d level becomes more stable as the positive charge of the atomic nucleus increases and the level of O 2 p relatively rises. 21 The overall spectrum consists of three transitions observed at approximately 1, 3, and 5 eV. Experimental and calculated local spindensity approximation ͑LSDA͒ x-ray photoemission spectra 54 also showed three main components at binding energies of 1, 3, and 5 eV, arising from the ligand-field splitting between t 2g and e g states. Solovyev, Hamada, and Terakura 55 attempted the LDAϩU method ͑local-density approximation with Coulomb interaction U) and estimated the band gap as 0.2 eV, which is in good agreement with the experimental optical data. According to their study, the three main structures correspond to the excitations into the e g band from the t 2g band and broad O 2 p band that are split by the hybridization effects into the bonding and antibonding states.
With hole doping, the spectral intensity increases below 1.35 eV while decreasing above 1.35 eV. However, the energies for the second ͑2.5 eV͒ and third ͑5.3 eV͒ transitions remain unchanged. This is in contrast to the filling dependence of optical conductivity spectra for La 1Ϫx Sr x MnO 3 , but represents spectral weight transfer from the correlation gap excitations into the in-gap excitations with change of the band filling, which is commonly observed in the carrierdoped correlated insulators, for example cuprate superconductors 56, 57 and perovskite-type Ti oxides. 58 We show in Fig. 6 the doping dependence of K and K for La 1Ϫx Sr x CoO 3 at room temperature. The K-K relation seems to be fulfilled between K and K , which were independently deduced. The result shows the growth of the dissipation-type spectrum for K and of the dispersion-type one for K centered at 3.1 eV. The maximum K reached ϳ0.003°at around 2 eV. We show in Fig. 7 the off-diagonal elements of the dielectric tensor derived using Eqs. ͑10͒ and ͑11͒. On the basis of the discussion in Sec. IV A, the spectra are assigned to the type-II magneto-optical transition; the real part xy Ј shows a dispersion-type shape centered at 0 while the imaginary part xy Љ has a dissipation-type one. The off-diagonal elements for this transition can be written as
where Figs. 7͑c͒ and 7͑d͒ , we also show individual three transitions as dotted, dash-dotted, and dashed lines for reference. To obtain the reasonable fitting, we needed three type-II transitions, which, respectively, correspond to the normal optical transitions centered at 1.7, 3.1, and 5.0 eV. Since the first and third transitions reside near the boundary of the blind region of the present magnetooptical measurement, their interpretations and assignments are not discussed in this paper, but are used only to better fit the second transition of type II. Without assignments of the first and third transitions to type II, there would be large discrepancies between experimental and calculated results.
D. Energy-level scheme for La 1؊x Sr x CoO 3
It is known that the type-II transition generally corresponds to the spin-forbidden and electric-dipole-forbidden crystal-field transition to the antibonding e g * band. As for the 3 . There is spin polarization for the electrons excited to e g * band as shown in Fig. 8͑b͒ for the case of S ϭ1.
Here, we may refer again to the case of ferric oxides 47, 48 as an analogous example for the type-II transitions. Consider a Co 3ϩ ion octahedrally coordinated with six O 2Ϫ ions in LaCoO 3 . The molecular orbitals for this octahedral ion complex are given in Fig. 8͑b͒ , Here, we neglected the slight distortion of the octahedra in the rhombohedral lattice and considered only the orbitals with characters of hybridized 3d and O 2 p. The bonding t 2g and e g states are primarily of ligand character while the antibonding t 2g * and e g * states are mainly of 3d character. The nominal six electrons in t 2g * and e g * are from the Co 3ϩ ion as exemplified for the case of the intermediate-spin state (Sϭ1), namely the orbital-singlet and spin-triplet state. There are three crystal-field d-d transitions such as t 2g * →e g * , t 2g →e g , and e g →e g * . These transitions are originally parity forbidden but allowed by the hybridization with O 2 p orbitals. Furthermore, the ligandlike character is preferable for magneto-optical effects. According to the analysis for YIG, 47, 48 the t 2g state has larger spin-orbit splitting than that for e g state. The strongest magneto-optical signal is, therefore, likely to arise from the transition t 2g →e g * . This interpretation is consistent with the result of xy in Fig. 7 in which the second transition at 3.1 eV exhibits fairly large magneto-optical property compared with the first ͑1.7 eV͒ and the third ͑5.0 eV͒ transitions.
V. CONCLUSIONS
We have investigated the magneto-optical Kerr spectra that reflect the filling dependence of the electronic structure in transition-metal perovskite oxides La 1Ϫx Sr 3 : A crystal-field transition is found, with increase of doping, at the photon energy corresponding to the normal optical excitation at 3.1 eV. This transition perhaps arises from electron excitation from the bonding ͑ligandlike͒ t 2g to the antibonding (3d-like͒ e g * majority-spin band.
